Polymer composites have been thoroughly explored for future electromagnetic interference (EMI) applications owing to their unique combination of electrical, mechanical, and optical properties. The composition, morphology, and surface characteristics of the filler material play critical roles in regulating the composite activity. We studied the formation, synthesis and EM attenuation properties of nickel zinc ferrite (NZF) + Polycaprolactone (PCL) microcomposites that were prepared via the conventional mixed oxide (CMO) technique. Compared with other preparation routes, CMO may provide the advantages of a simple process and the ability for mass production and controlled product formation. A rectangular waveguide connected to a vector network analyser coaxial cable was employed to measure the scattering parameters [S] for use in determining the attenuation values of NZF+PCL substrates for a variety of NZF% values. Measurement tests showed a simultaneous increment in the attenuation value with the filler percentage. NZF+PCL samples of 1-mm thickness were able to attenuate microwave frequencies by up to ~3.33 dB, where the highest attenuation magnitude of 8.599 dB over a large area was attributed to the 12.5% NZF filler content at 12 GHz. Thus, a low transmission of waves resulted from the high shielding effectiveness (SE) values that showed a maximum 6.86 dB EM interference. Scanning electron microscopy (SEM) was utilized to analyse the average particle size (1.45 μm) of the filler powder.
Introduction
Different engineering applications require different minimum values of shielding effectiveness (SE), where the selection of the shielding materials is an important factor in their design. Knowledge of the behaviour of a material placed in an electromagnetic interference (EMI) field is of immense importance, particularly for military hardware, electronics, communication, and industrial applications and shielding [1, 2] . It is vital to understand that the transmission coefficient measurements enable an attenuation analysis for materials of good microwave absorption. Attenuation is a function that can be affected by a group of factors. The SE of a material depends on both the conductivity and permittivity values, but for high-frequency shielding, the conductivity dominates. Materials with high conductivity values provide excellent SE results [3] . Commonly, a composite consists of filler and matrix, where the filler is usually surrounded by matrix materials to keep the resulting composite in position. Matrix materials must be flexible, lightweight, corrosion resistant, and of lower cost than metals. Polycaprolactone (PCL) is an excellent microwave-absorbing material and well known as a material for EMI SE in both near and far fields [4] . The enumerated characteristics such as the simplicity of fabrication, light weight, low cost, and excellent insulation properties play a major role in the design of advanced materials that are suitable for a variety of applications, such as electrodes, sensors and electrical devices of high frequency [5] [6] [7] . The properties of the polymer composites are affected by factors such as the inherent characteristics of each component, contact, dimension and shape of the fillers, and the nature of their interfaces [8] . Ferrites are very good dielectric materials whose main constituents are oxygen, iron and one or more metallic elements such as Ni and Zn that have many applications at microwave frequencies [9] . The properties of nickel zinc ferrite (NZF) composites can be tailored by controlling the preparation conditions and the amount of metal ion substitution. Their useful characteristic properties such as electrical resistivity, low dielectric loss, and chemical stability enable them to contribute in both the domestic and industrial sectors [10] . A composite of a ferrite material with a good polymer matrix will not only reduce the cost and enhance the structural properties of the outcomes but also increase the ability to control the EMI properties, particularly when operating at the high-frequency range [9, 11] . Ferritepolymer composites are widely studied due to their novel properties of simple preparation, light weight, low cost, better electronic properties, good optical properties, environmentally friendliness and high stability in air that make them highly suitable for many applications, such as EMI SE and microwave absorption [12] .
Herein, the synthesis of (2.5%, 5%, 7.5%, 10%, and 12.5%) NZF+ PCL substrate of 1mm thickness that show great EM propagation and affect the absorption properties at 8-12 GHz is achieved. The microwave properties of the samples were investigated using a rectangular waveguide connected with a vector network analyser coaxial cable. The total volume fraction of the composites was set to 15 g and divided into 1 g, 2 g, 3 g, 4 g and 5 g, with respect to the NZF%. out using the conventional mixed oxide (CMO) method, which is a highly favoured route in commercial ferrite production due to its relative simplicity, scalability, high mass production and economic efficiency. The oxide raw materials of NiO (99.7% purity), ZnO (99.9% purity) and Fe 2 O 3 (99.7% purity) were mingled well together and then weighed according to the zinc ferrite (Ni x Zn 1-x Fe 2 O 4 ) stoichiometric equation [13] .
The mixture was then carefully ground in a ball mill and exposed to heat to ensure the particle homogeneity of the powder. After that, the milled powder was moulded and pressed into the required shape for the final sintering process of 900-1000°C for 10 hours to obtain the crystalline structure of the materials under test.
Preparation of NZF+PCL composites
The NZF+PCL composites were prepared by the melt blending technique using a Thermo Haake Poly Drive extruder with a threephase motor with a drive of 1.5 kW, 3 × 230 V, 40 A and speed range of 0-120 rpm. The resulting crude blends have to undergo hot-pressing to prepare a thin film for each blend. Compounding samples of 15 g each were prepared with different percentages of NZF and PCL with a rotation speed of 50 rotations per minute (rpm). The NZF+PCL composites were preheated for 10 minutes with upper and lower platen temperatures of 80°C, which is close to the PCL melting point (60-70°C). A venting time of 10 seconds was allowed to release the bubbles and reduce the voids, and the samples were then pressed at the same temperature for another 10 minutes. Finally, a cooling pressing of 110 kg/cm 2 was carried out for another 10 minutes at 25°C for the best substrate fabrication result. Figure 1 shows the prepared NZF+PCL substrates, and Table 1 presents the different compositions that were utilized in the experimental step.
Preparation of substrates
The samples were carefully fabricated to fit the rectangular waveguide dimensions best and to prevent any scratch or crack that may alter the measurement results. The substrates were prepared by placing 10 g of the blends into a mould of 8-10 cm 2 dimensions and 1 mm thickness. The samples were then restricted to suit the internal waveguide dimensions perfectly and remove any possibility of an air gap around the sample walls. A vector network analyser (VNA) (Agilent 8750B) based waveguide measurement technique was utilized to measure the S-parameters of the two-port network formed by placing the substrate inside the rectangular waveguide. The material properties were studied in the X-band (8-12GHz) regions of the microwave frequency spectra. Figure 2 shows the experimental technique of this work.
Results and Discussion

Morphological properties of NZF micro-particles
The prepared NZF fillers were analysed using scanning electron microscopy (SEM) (S-3400N) with a field emission gun and an accelerating voltage of 10 kV. A careful observation of the SEM image presented in Figure 3 , focusing on the variety of signals, reveals a good arrangement of particles. The spherical structure of the synthesized NZF particles shows an average size of approximately 69 to 286 mm, which confirms the successful preparation.
Measurement of the scattering parameters [S]
It is known that the EM properties can be calculated from the scattering parameters [S]. The boundaries of the materials under test (MUT) are defined, and the reflection coefficients (S 11 ) and transmission coefficients (S 21 ) can then be measured accurately [14] . In the transmission/reflection (T/R) method of a waveguide, the samples were inserted in a piece of transmission line, and the properties of the material were deduced based on the rejection of the material and the transmission through the material [15] . This method is commonly performed in the measurement of the EMI properties of materials devices ensure that the four waves are measured independently [11] . The obtained VNA results of S 21 were then used to compute the attenuation results of the MUT by the following equation:
It is known that several actions such as transmission, reflection and absorption are performed as EM radiation falls on a shielding material [18] . The total EMI SE (SE T ) is defined as the summation of all of the contributors to the SE (absorption loss (SE A ), reflection loss (SE R ), and multiple reflection loss (SE M )):
For a single layer of shielding material, when SE A is ≥10 dB, then SE M = 0, so it can be ignored [18] . Thus, the SE T in Eq. (7) can be written as
The incident EM wave power inside the shielding material can be estimated as
where the transmittance (T) value is equal to (S 21 ) 2 , and the reflectance (R) is (S 11 ) 2 .
While the basic mean-value (x ) analysis of attenuation, SE R , SE A and SE T values for different percentages of NZF+PCL composites based excel program is calculated by due to the field-focusing ability of the microwave guides that enables accurate measurements at microwave frequencies, where the EM waves propagate through the microwave guides at 8-12 GHz [16] .
The measurement was performed at the connectors of the waveguides. However, the specimen was considered as a two-port network whose S 11 and S 21 values used a "thru reflect line" (TRL) calibration that needs to be performed to set the planes of the incident and reflected waves at the ends of the waveguides rather than that at the connectors [17] . After the calibration step, the accuracy of the calibration technique was evaluated by measuring the [S] of air (without sample) and Teflon (PTFE) samples. Figure 4 presents the [S] curves of the standard materials, where the values of |S 21 | were higher than those of |S 11 |. Theoretically, the value of |S 21 | should be close to unity.
The responses of a network to external circuits can also be described by the input and output waves. The input [a] and output [b] waves at port 1 and port 2 are denoted as a 1, a 2 , b 1 and b 2 , respectively. These parameters (a 1 , a 2 , b 1 , and b 2 ) may be voltage or current, and in most cases, we do not distinguish between whether they are voltage or current [11] . ;
It is known that the S 11 and S 21 parameters can be measured directly at microwave frequencies. Generally, the complex form of [S] can be defined as S a (5) [S] can then be obtained by the combinations of these four waves according to Eq. (3), where the parameters a 1 , a 2 , b 1 , and b 2 are normally used to measure the corresponding four waves. The signal separation values with the NZF micro-filler percentage and the frequency, respectively. The highest |S 11 | value of ~0.48 was recorded for the highest NZF% of 12.5 and the maximum frequency of 12 GHz for all samples under test.
Oppositely, Figures 7 and 8 shows an inversely proportional relationship between the filler composition and frequency range and the |S 21 | values, where increases in the filler content and frequency range both reduce the |S 21 | values. These results demonstrate the impedance mismatch theory, where materials with a higher permittivity exhibit lower transmission coefficient values [19] . This might be attributed to the perfect dispersion of the filler in the matrix, as the homogeneity of the particle dispersion in the matrix will tend to increase or decrease the transmission of the EM radiation depending on the dispersion of the NZF particles in the matrix.
To calculate the attenuation of the various NZF+PCL microcomposites, all the obtained |S 21 | results were input into Eq. 6. The calculated results, as shown in Figure 9 , confirm the proportional relationship between the attenuation outcomes of the NZF+PCL micro-composites and the filler composition. From Figure 9 , it can be clearly observed that the lowest attenuation value was calculated for the 2.5% NZF micro-particle filler, whereas the highest attenuation result was observed for the 12.5% NZF micro-particle filler.
Further analysis is provided in a graph of the filler content against the attenuation values that is presented in Figure 10 . The highest attenuation value (~8.6 dB) was obtained from the highest filler content (12.5%). Thus, a reduction in the |S 21 | values was clearly observed for the higher valves of NZF-filler content, as depicted in Figure 7 . Based on the above, Table 2 provides a tabulated summary of the mean attenuation values, highlighting the proportional relationship between the attenuation magnitude and NZF filler composition.
The exact statistical algorithm based x analysis has provided efficient results that allow us to properly analyze the different percentages of NZF+PCL composites. Figure 11 shows a graph of the mean attenuation values of the NZF+PCL micro-composites against the filler content. The attenuation values constantly increased with the NZF filler content. difference between SE A and SE R increases with the NZF content, suggesting that the absorption contribution to the EM SE increases with the NZF loading increment. The primary mechanism of the EMI shielding is usually a reflection of the EM radiation incident on the shield, which is a consequence of the interaction of the EMI radiation with the free electrons on the surface of the shield. Absorption is usually a secondary mechanism of EMI SE, whereby electric dipoles in the shield interact with the EM waves in the radiation [11, 18] . Another reason for such a variation between the SE R and SE A values may be the interfacial polarization of the PCL by the NZF, which increases the absorption component. The values of SE A increase from ~ 2.78 dB at 2.5% to ~6.86 dB at 12.5% loading. Based on the above, the EMI SE results are mostly independent of the frequency in the X-band.
EMI SE application
From Figure 13 , the EMI SE value increased dramatically with a slight NZF vol. % increment. In fact, the highest EMI SE of approximately 6.86 dB was achieved from 12.5% NZF in the composite at a particular frequency in the X-band region. Moreover, it was found that SE A increases much faster than SE R as the NZF content increments.
NZF+PCL composites can be used for many shielding applications by adjusting the filler content [9] . For example, an addition of only 2.5% NZF filler in the NZF+PCL composite already satisfies the minimum 3.339 dB SE requirement for the aircraft structural shielding of an antenna based on Wireless Avionics Intra-Communications specifications [20] . However, the scope of this paper is to determine the minimum percentage of filler for a sample of 1 mm thickness to obtain a maximum 6.86 dB SE. The mean values of SE R , SE A and SE T for the composites which calculated by x in Eq. 11 for different NZF% are listed in Table 3 below, where the widely used x statistical analysis are reasonably accurate.
Conclusions
The shielding effectiveness is defined as the process of using specialized materials to reduce the EMI fields or waves that enter a specific enclosure. The shielding performance highly depends on type, size and thickness of the utilized materials along with the frequency range. In this work, NZF+PCL micro-composite structures have been successfully synthesized for potential SE and absorption applications. The EM propagation and attenuation properties of these composites in waveguides were theoretically and experimentally investigated in the 8-12 GHz range of frequency. For microwave characterization, the effects of various NZF compositions on the attenuation of the NZF+PCL composites were calculated using the measured |S 21 | result based rectangular waveguide technique and were implemented in shielding effectiveness and absorption applications. The attenuation of the different NZF+PCL micro-composites showed that the attenuation magnitude increased with the filler content, which confirmed the correlation between the attenuation value and the NZF-filler content. 
